Introduction
Biological organisms exhibit a tremendous range of diversity across many different scales. At a genetic level, one of the starkest distinctions is between how genetic material is arranged in prokaryotes (such as bacteria) and eukaryotes (such as plants and animals). When a given biological process, such as enzymatic degradation of an energy source, requires several steps, it is common in eukaryotes for the genes encoding these steps to be widely dispersed through the organism's genome, though perhaps not as widely as would be expected from a purely random distribution (Lee and Sonnhammer, 2003) . In contrast, bacterial genomes are typically arranged in operons, where some or all of the components needed for a particular function are found together in one section of the genome (Land et al., 2015) . What might account for this difference in genome organization?
One intriguing possibility is that the greater extent of genome modularity in bacteria could be driven by horizontal gene transfer (HGT). HGT refers to a set of ways in which organisms can acquire genetic material from a source other than their direct parent(s), whether through ingesting nucleic acids as energy sources, accepting a plasmid from another cell, or even having nucleic acids injected by a virus (Soucy et al., 2015) . HGT is generally seen as pervasive in bacteria, while considered less common in eukaryotes (Maddamsetti and Lenski, 2018; Koonin, 2016) . Because HGT can insert genes into new host organisms, it provides a potential selective benefit toward genomic arrangements where the instructions needed for a particular function are arranged compactly. An organism with all of the information needed for a complete function is more likely to manage to spread this genetic material via HGT if that material is localized to one genomic segment, instead of being diffuse throughout the genome (Lawrence, 1999; Lawrence and Roth, 1996) . This very spread of information via HGT could even act to make bacterial genomes more modular (Kreimer et al., 2008) . These processes can reinforce each other -a more modular genome makes for more effective HGT, which then causes the resulting genomes to be even more modular.
Testing the evolutionary impacts of either allowing or dis-allowing particular types of mutations is exceptionally difficult in physical organisms. Therefore, we chose to address these questions by harnessing the power of digital evolution.
Study System and Experimental Design
Avida (Ofria et al., 2009 ) is a digital evolution software platform in which self-replicating computer programs compete for digital resources. Within this system, we evolved populations in two fundamental treatments. Both treatments involved cycling between two environments, which differed in whether performing particular Boolean logic tasks was rewarded or punished, a setup we have previously shown to promote evolvability (Canino-Koning et al., 2018) . We evolved populations for 200,000 updates, alternating between our changing environments every 500 updates. Each evolving population was placed into one of two treatments.
In one treatment, we included in the set of possible instructions one that, when executed, produced an HGT event; in the other treatment, no HGT was possible. At the end of each run, we took the numerically most abundant genotype and analyzed both its genotype (sequence of instructions) and phenotype (which tasks it did and did not perform). We ran 50 replicates of each treatment. 5 of these 100 runs crashed and thus do not contribute to the current study; we are rerunning those seeds for a complete data set.
Results and Discussion
The inclusion of HGT leads to the evolution of more tasks (Fig. 1) . Among the final organisms, more tasks were performed by individuals in the treatment where HGT was possible than the one where it was not (mean task number 2.956 v 2.149, Wilcoxan rank sum test W = 1642, two-tailed p <<0.0001). This difference is not only significant, but also substantial; on average, HGT leads to more than a 35% increase in the number of different tasks being performed by the organism. Even within the context of a changing environment the addition of HGT further increases the number of tasks that the most abundant organisms perform. The organisms that evolved in the presence of HGT also have more modular genomes. The number of tasks that a given site in the genome contributes to is slightly higher in the HGT-enabled treatment (mean number of tasks per site: 1.474 vs 1.350, Wilcoxan rank sum test W = 1396, two-tailed p = 0.0082), but this difference is of a much smaller relative magnitude (approximately 13.8%) than the difference in the number of tasks performed (approximately 37.6%). When we normalize the number of tasks per site by the total number of tasks in an organism, there are fewer in the populations that have experienced HGT (mean 0.5077 v 0.6293, Wilcoxan rank sum test W = 592.5, p <0.0003), a reduction of approximately 19.3%. We recognize that the number of tasks that a given site is involved in performing is not the only way to measure the modularity of a genome. See, for example, (Misevic et al., 2006) for methods of measuring both physical and functional modularity in digital genomes. Work is ongoing to more fully characterize the evolved genomes under various measurements of modularity.
Conclusions
In a changing environment, Horizontal Gene Transfer (HGT) leads to the evolution of more tasks than are found in a corresponding treatment without HGT. The resultant genomes are also more modular, with fewer tasks encoded per site when accounting for the total number of tasks performed by the organism. This evidence supports the hypothesis that HGT itself may explain some of the different patterns in genome organization found in different types of biological organisms; those that undergo extensive HGT may have more modular genomes as a direct consequence of this parasexual process.
Scripts and Reproducibility
The configuration settings for Avida used in this experiment, as well as the R script used to analyze the results, are available at http://github.com/ mjwiser/ALife2019HGT .
